A novel X-ray diagnostic of laser-fusion plasmas is described, allowing 2D monochromatic images of hot, dense plasmas to be obtained in any X-ray photon energy range, over a large domain, on a single-shot basis. The device (named Energy-encoded Pinhole Camera -EPiC) is based upon the use of an array of many pinholes coupled to a large area CCD camera operating in the single-photon mode. The available X-ray spectral domain is only limited by the Quantum Efficiency of scientific-grade X-ray CCD cameras, thus extending from a few keV up to a few tens of keV. Spectral 2D images of the emitting plasma can be obtained at any X-ray photon energy provided that a sufficient number of photons had been collected at the desired energy. Results from recent ICF related experiments will be reported in order to detail the new diagnostic.
I. INTRODUCTION
X-ray imaging and spectroscopy are recognized among the most useful techniques to measure properties of hot and dense plasmas (see e.g.
1,2 and References therein). This is also true for plasmas relevant for the Inertial Confinement Fusion (ICF) [3] [4] [5] [6] [7] . In particular, they are an essential tool, complementary to neutron and optical diagnostics, to infer parameters such as electron and ion temperature, charge state distribution, density, implosion velocities and fuel-shell plasma mixing degree in ICF targets (see 8 and references therein). Moreover, X-ray spectroscopy and imaging have been employed over the past decade to measure fast electron generation and transport in experiments relevant for the fast ignition approach 9, 10 to ICF 11, 12 . In these studies, other complementary diagnostic techniques, such as, e.g., direct measurements of forward escaping electrons 13, 14 , shadowgraphy 12, 15 , optical emission from the rear surface of the target 16, 17 and proton radiography 18, 19 are also employed. However, the analysis of Bremsstrahlung and/or electron-induced Xray fluorescence via X-ray imaging and spectroscopy is by far the most adopted strategy to approach issues related to the fast electron production and propagation [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] . From an experimental point of view, measurement techniques based upon Bremsstrahlung emission from fast electrons up to the hundreds of keV region encompass K-edge filters coupled to image plate dosimeter stacks 23, 30 as well as fluorescer filters coupled to photomultipliers 31, 32 . Such a solution has been successfully implemented and used at National Ignition Facility 33 . When imaging capabilities are needed, as in the study of fast electron transport in high density matter, flat or, a) E-mail: luca.labate@ino.it; Also at Istituto Nazionale di Fisica Nucleare, Sezione di Pisa, Italy b) Also at Dipartimento di Ingegneria Industriale, Università di Roma "Tor Vergata", Italy and Fyzikln stav AV R v.v.i., Praha, Czech Republic c) Also at Istituto Nazionale di Fisica Nucleare, Sezione di Pisa, Italy more often, bent Bragg crystals coupled to X-ray films, image plates or CCD cameras are commonly employed. In the first case, either a slit 34 or a set of pinholes 35 are used in order to get a simultaneous spatial resolution. In the latter case, a number of different configurations are used, allowing either 1D or 2D imaging of the source to be obtained 36, 37 with typical spectral resolution down to a few eV. Recently, the use of bent Laue crystals coupled to CsI/CCD scintillator/detectors for high resolution spectroscopy up to around 80 keV has been reported 38 . Furthermore, the use of pinhole camera schemes with a relatively large number of pinholes with different X-ray filters has been discussed 39 .
It is worth pointing out here that the use of Bragg crystals is typically limited to low energy ranges ( 10 keV) due to a) a low reflectivity of the available crystals and b) the increasing image aberrations at the small Bragg angles usually needed at high photon energy 40 . The useful energy range limited to a few keV is currently considered as a major limitation of Bragg crystals in the context of fast electron studies. Indeed, most of the times the study of the fast electron transport is carried out by looking at the Kα emission from fluorescent layers buried in the target. Due to the behavior of the K-shell ionization cross section by fast electrons as a function of the electron energy 41 , the Kα production would be maximized, at the typical electron energy considered in the fast ignition scenario, by using layers with higher Z numbers than the ones currently used. This would thus push for X-ray spectrometers with imaging capabilities at energy of the order of a few tens of keV, which is beyond the capabilities of currently available crystal based spectrometers.
It is also worth mentioning a further issue related to the use of bent crystals when studying fast electron physics. While, in general, X-ray 1D imaging can provide informations about the laser-to-fast-electrons conversion efficiencies as well as the fast electron energy spectrum, the study of the electron beam angle aperture requires, in principle, a 2D imaging capability (see for instance 11 and references therein). This kind of study is usually performed, as mentioned above, using buried layers of fluorescent materials 42 , each layers with its own charac-teristic Kα wavelength requiring its own dedicated X-ray imaging diagnostic (typically on a multi-shot basis). As recently pointed out in 43 , it is rather questionable, from an analytical point of view, whether a correct estimate of the fast electron divergence could be inferred by an image of a buried fluorescent layer. In the same paper the authors discuss a new kind of target suitable for singleshot studies of the fast electron beam divergence, using a curved spectrometer in a 2D imaging configuration. On the other hand, it is now well known that the effective collection efficiency of a given curved crystal 2D imaging configuration can be heavily affected by a change in the temperature of the emitting region, even dropping of a factor 10 2 for a temperature change of a few tens of eV. This is due to spectral changes of the observed lines because of changes occurring in the quantum configuration and screening potential. More important, beside the overall collection efficiency, this may also affect the shape of the observed image of the emitting region, as shown in 44 .
The study of the fast electrons plays an important role also in the shock ignition 45, 46 scenario, due to possible nonlocal transport effects 47 . A couple of experiments have been carried out recently, employing bent Bragg crystals to diagnose plasma conditions and fast electrons 48, 49 . Motivated by the above considerations and starting from some earlier studies in which a single-photon diagnostic were used 50 , we have been working over the past few years on the development of a new concept X-ray diagnostic with both 2D imaging and spectroscopic capabilities, tentatively operating on a broad X-ray photon energy range. In a previous paper 51 we reported on a first achievement allowing such goals to be obtained on a multi-shot operation, thus limited to high repetition rate experiments typical, for instance, of ultrashort Xray sources development. In a recent experiment, using such a technique, we were able to detect the contribution to directional X-ray continuum emission from the plasma electrons 52 . In this paper, we present a novel, more general scheme, which we called Energy-encoded Pinhole Camera (EPiC), allowing our novel diagnostic to be used on a single laser shot. This makes our technique particularly useful in experiments where ICF relevant plasmas have to be studied.
In the next Section, a description of the novel scheme will be given and both the requirements and the issues related to the achievable spatial and spectral resolution will be discussed. In Section 3, in order to show the potential of our diagnostic in the field of ICF physics, we give a few results from recent experiments related to ICF, followed by a brief discussion of possible perspectives.
II. DESCRIPTION OF THE DIAGNOSTIC
A schematic layout of the EPiC diagnostic is shown in Figure 1 . The scheme basically resembles the one of a conventional X-ray pinhole camera, where an array of several pinholes is used, instead of a single pinhole, coupled to a CCD camera operating, in this case, in the single-photon mode. The CCD camera is shielded against visible radiation using suitable filters (not shown in Figure) . In order to prevent high energy electrons, typical of the harsh environments encountered in ICF related experiments 53 , from directly reaching the pinhole array, a suitable magnet assembly (not visible in Figure) is placed upstream. Furthermore, a shielding tube, possibly consisting of concentric tubes of different materials (typically plastic+Al), is placed in front of the CCD camera to shield the camera against high energy particles (typically electrons and γ photons).
As it is well known, CCD detectors operating in singlephoton mode allow the spectrum of the impinging Xray radiation to be directly retrieved, without any additional dispersive element, from the pulse height distribution, provided that the single-photon response had been characterized using reference X-ray sources 54 and an accurate image processing was carried out (see for instance 51, 55, 56 ). The single-photon operation regime can be obtained, in the typical situation considered in the context of ICF (high flux X-ray sources) either by placing the detector at a large distance from the plasma or by the insertion of a suitable stack of X-ray attenuators.
In the experiments whose results are shown below both strategies were adopted at the same time.
Once the CCD camera was forced to operate in the single-photon mode, the presence of a pinhole between the plasma and the detector makes it possible to retrieve for each photon, beside to its energy, the position (in the source plane) where it comes from, just like in a conventional pinhole camera scheme. Therefore, in the case of a single pinhole, one would get on the CCD detector a collection of photon events whose distribution would peak around the position of the "true" (that is, high photon flux) image; for the sake of brevity, we will be calling such a collection a "single-photon image" throughout this paper (and we will omit the "single-photon" specification when no confusion can be made). We already showed in 51 how a "true" 2D image of the source could be recovered in any given energy range by summing up a large number of single-photon images where only photons belonging to that energy range had been selected. We postpone to the end of this Section a discussion about the number of photons/images needed. In the case considered there, a large number of single-photon images was collected by simply taking a correspondingly large number of laser shots. This approach is of course not viable when using very high energy, PW-scale, low rep rate laser systems. In the EPiC scheme a different approach is used, in which an array of a large number of pinholes is employed in order to collect all the needed single-photon images in one laser shot. This basically hinges on the use of the larger and larger CCD chips now commercially available, which allow images from the different pinholes to be collected onto different regions of the same chip, as shown in the Figure) . The CCD detector is forced to operate in the single-photon mode. Typical source-to-PHA distances are of a few centimeters and typical PHA-to-CCD distances range from a few tens of centimeters up to a few meters. The CCD detector can be placed, if needed, into a separate vacuum chamber with respect to the main one, provided that suitable X-ray windows are employed. The lower inset shows a Scanning Electron Microscope image of a homemade pinhole array, drilled onto a 100 µm thick substrate (see text). The upper inset shows a typical acquired image; the "single-photon" images from the different pinholes are clearly visible (the brightest spot at the center was produced by a great diameter ( 100 µm) pinhole and was used for alignment purposes).
upper inset of Figure 1 . The final image of the source in the EPiC is then recovered by summing up the images provided by each pinhole, retaining only photons in the energy range of interest. In other words, all the (singlephoton) images are collapsed into a single one. Quantitatively, we can define the final image of the source as
where
the sums run over all the N x ×N y pinholes and (x
ij ) is the position of the center of the image through the pinhole i, j in the CCD plane. To prevent the mixing of images from neighboring pinholes (or, in other words, in order not to count twice the same photons as belonging to different single-photon images), formula (1) only makes sense for
where δ
y are the distances between neighboring images in the CCD plane in the x and y direction respectively. It can also be verified that δ
where M is the magnification and δ x is the pitch of the pinhole array in the x direction (a similar relation holds in the y direction). The magnification here is defined as in the usual pinhole camera: M = q/p, p being the source-topinhole array distance and q the pinhole array-to-CCD distance. At this stage, it is worth pointing out that the variation of the above quantities from pinhole to pinhole can be safely neglected in a first approximation; indeed, typical pinhole array pitches are in the range 50 − 200 µm (see lower inset of Figure 1 ), to be compared with typical q and p values ranging from ∼ 10 cm up to a few meters.
As for the pinhole array, to our knowledge, no commercial solutions exist with the required number of pinholes (typically a few hundreds). We then made them by laser drilling thick, high Z number substrates. A detail of a Scanning Electron Microscope image of an array made using this method is shown in the lower inset of Figure 1 . We refer to papers 57, 58 for details on the fabri-cation technique and for more specifications of the final arrays. We just mention here that very high aspect ratio, quasi cylindrical shape pinholes were obtained onto 100 − 200 µm thick W, Pt or Ta foils, with typical diameters of 5 − 10 µm. Taking into account the typical magnifications used (∼ 10 − 20) and the typical pixel size of available X-ray CCDs (∼ 10 − 20 µm), this figure basically sets the ultimate limit of the achievable spatial resolution.
We notice here that, in the discussion above, we assumed a perfectly shaped pinhole array; in other words, it was assumed that the positions of the different pinholes on the array plane could have been characterized by the two pitches δ x and δ y . In fact, looking at both the insets of Figure 1 , quite clear deviations of the pinhole positions from a regular pattern can be seen, due to the fabrication process. From a theoretical viewpoint, it is pretty easy to generalize our above (and below) discussion by considering the actual pinhole positions on the pinhole array plane. From an experimental viewpoint, this means that the actual positions of the image centers through each pinholes have to be preemptively identified.
We will now discuss a few issues related to the reconstruction of the images and the corresponding limitations. As we said above, care has to be taken in order to avoid spurious effects due to the possible overlap of images from neighboring pinholes. The conditions given by equation (2) just define a rectangular region (δ
wide) on the CCD plane where the retrieved (collapsed) image makes sense. However, this is only a necessary condition, not a sufficient one. Indeed, it is basically equivalent to state that each photon had been transmitted through that pinhole which generates the image whose center is the closest to the photon position (on the CCD plane). This is a pretty artificial assumption, as there is no certainty that the photon had not passed through one of the neighboring pinholes instead. In order for this possibility to be ruled out (or, better, to reduce the probability of such a case to occur), the physical parameters of the pinhole array have to be properly chosen so as to avoid any overlapping between the (single-photon) images through neighboring pinholes. As we discussed before, the distance between two neighboring images in the CCD plane is given by δ (i)
x,y = (1 + M )δ x,y . Let ∆ s be the characteristic source size; the image of the source on the detector plane has thus a characteristic size M ∆ s . In order for the images from neighboring pinholes not to overlap, this size has to be smaller than the separation between neighboring images: M ∆ s (1 + M )δ x,y . Thus
For large values of the magnification, the above formula reduces to δ x,y ∆ s . Thus, as a rule of thumb we can state that the pitch of the pinhole array has to be greater than the expected source size. In order to illustrate this point, we show in Figure 2 the simulated shape of a Gaussian shaped source with different FWHM imaged using a
is supposed to be drilled onto a 200 µm thick Pt substrate (this information is used to calculate the transmission through the substrate). Only photons with 10 keV energy are considered. The images are all retrieved in the region defined by Equation (2) . It is quite clear the meaning of the condition stated by Equation (3). Furthermore, artifacts on the retrieved image due to the condition (3) not being fulfilled emerge as the original source size approaches the pinhole array pitch, going from a) to c).
Finally, it is worth discussing the issue of the Signalto-Noise ratio (SNR) of the images obtained using the EPiC scheme. First of all, considering the typical specifications of currently available scientific grade X-ray CCD cameras, it can be easily verified that the main limitation to the SNR stems from the photon counting statistics (see, for instance, 59 ), that is, ultimately, from the number of photons which can be collected over the energy range considered to retrieve each image. We point out that this number is limited, in the EPiC scheme, by both the need to operate in the single-photon regime and the need for the condition stated by Equation (3) to be fulfilled (indeed, this latter condition ultimately further limits the number of collected photons with respect to the case of a CCD used just for photon counting spectroscopy). As a matter of fact, the available X-ray flux from ICF relevant plasmas is by far much higher than the maximum flux required to let the CCD detector work in the single-photon regime. For instance, in an experiment carried out at the PALS facility in Prague (see Section III for more details), we estimated a spectral flux of ∼ 10 13 Ti Kα photons per shot. Let us consider a distance of a few centimeters between the source and the pinhole array, pinhole diameters of about 10 µm and a CCD Quantum Efficiency of a few tens of percent at ∼ 4.5 keV. By a simple calculation based on the solid angle subtended by each of the pinholes, it is pretty easy to verify that the number of photons collected in the CCD chip region available to each pinhole wouldn't allow the single-photon condition to be fulfilled. As it was said above, this means that either the CCD has to be put very far from the source or suitable X-ray attenuators need to be used (or both).
Let N (all) ph be the total number of collected X-ray photons (integrated over the whole bandwidth). Clearly N is the average number of photons collected in each single-photon image (for the sake of brevity, SPI from now on). N x and N y are, as above, the number of pinholes in the x and y direction respectively. The upper limit to N (SP I) ph is clearly set by the total number of pixels available for each SPI and the single-photon condition. Indeed, if no pinhole array was present, the CCD chip would be uniformly illuminated by X-ray photons. In other words, all the pixels available to the SPI would have an equal probability of detecting a photon, so that N pixel , where f < 1 is a factor accounting for the requirement of well isolated single-photon events as well as for physical processes occurring after the charge cloud generation which result in a charge spreading across neighboring pixels (typically f ≃ 0.1) [60] [61] [62] . In the EPiC case, instead, the value of N (SP I) ph is even lower, since, being the source actually imaged out through each pinhole, the probability for each pixel to be hit by a photon is modified by a function accounting for the source shape in the image plane. As an estimate, we can write
where the sum has to be performed over all the pixels of the SPI. The function S(p ij ), giving the 2D shape of the source in the image plane, is such that max i,j S(p ij ) = 1, stating that no more than one photon per pixel has to be collected. In the typical case, considering a 2k ×2k pixels CCD chip and a 20 × 20 pinhole array, a chip region of 100 × 100 pixels is available for each SPI. Assuming, for instance, a Gaussian-shaped image with σ x,y = 10 pixel (this is a pretty conservative choice as for condition (3)), one gets from formula (4) photons. As said above, this is the number of photons collected over the whole CCD bandwidth (typically, from a few up to a few tens of keV). The SNR of each final retrieved image depends on the fraction of photons belonging to the chosen energy range. In the typical situation encountered in ICF related experiments, as the ones discussed in the following Section, a number of photons N (image) ph of the order of 10 3 can be collected over an energy range of ∼ 100 eV centered on the strongest emission lines, such as K-shell lines from cold or ionized matter. Here, such an energy interval is chosen as it corresponds to the maximum spectral resolution achievable with a CCD in the single-photon counting regime. On the other hand, one has to consider a much larger spectral range, typically of a few keV, in order to get the same number of photons when the X-ray source has to be imaged out corresponding to continuum emission; examples will be given in the next Section. N (image) ph is the total number of photons typically available for each retrieved image. The detailed distribution of such photons over the image depends, of course, on the source shape. Of course, the local number of photons is higher at the position where the maximum of the X-ray emission from the source is imaged out. As an order of magnitude, we can say that up to about ∼ 100 photons can be observed at this position, thus resulting, according to the Poisson statistics, in a SNR of ∼ 10. At the half maximum position, the corresponding value for the SNR is about 7. As a comparison, a SNR of about 30 was reported in 63 for a crystal based 1D imaging configuration employing a CCD detector, whereas a much worst SNR (∼ 3) was obtained using an X-ray film as a detector.
As a final remark, we observe that the above figures correspond to the case in which the X-ray attenuators are only used to meet the single-photon condition. In other words, no special spectral behavior is sought for by a suitable combination of attenuators. However, it is, of course, possible to increase the number of photons collected over a selected spectral region by exploiting the energy dependence of different attenuator materials and CCD Quantum Efficiency 64 . Furthermore, we notice that a spatial binning may also be applied to increase the SNR. As a matter of fact, in the typical situation encountered (magnification ∼ 10, pinhole diameter ∼ 5 − 10 µm, pixel size ∼ 10 − 20 µm) the spatial resolution allowed, in principle, by the pixel size would be higher than the theoretical resolution allowed by the pinhole diameter. As a consequence, a spatial binning of 2 × 2 or 3 × 3 pixels could be safely performed at the expense of the spatial sampling. thus increasing the number of photons locally collected.
III. EXAMPLES OF APPLICATION OF THE EPIC
In this Section we show two results from the EPiC technique obtained in recent experiments devoted to the study of fast electron transport in the context of ICF. Only those aspects strictly related to the diagnostic will be dealt with, leaving to other papers a discussion of the underlying physical issues; a discussion of some of these issues can be found, e.g., in 65, 66 . Figure 3 shows a view of the experimental setup in a recent experiment carried out at the Target Area Petawatt (TAP) at the Central Laser Facility of the Rutherford Appleton Laboratory. The experiment was dedicated to measurement of the heating by fast electrons in the case of two counter-propagating electron beams. The Vulcan PW laser beam (700 fs duration, up to 400 J energy in that experiment) was split into two beams and focused at an intensity up to about 7 × 10 18 W/cm 2 on the opposite sides of solid targets (the two laser beams are shown in the Figure) . A number of different diagnostics were employed (bent crystal spectrometers, X-ray streak-camera, visible diagnostics) which are visible in the Figure; we skip here any further detail on those diagnostics. The EPiC was used to image out the plasma on a broad energy range. The diagnostic is highlighted in the Figure by a blue box. The CCD camera was located in a separate vacuum chamber (gray square box at the bottom of the Figure) . The pinhole array was placed at about 15 cm from the target. A magnet assembly was placed between the plasma and the array to deflect charged particles and a multi-layer tube (plastic+Al+plastic) was used to reduce background high energy e − /γ particles on the CCD (the tube is clearly visible, entering from the chamber wall at the bottom of the image and going toward the target). The pinhole array consisted of 20 × 20 pinholes with ∼ 5 µm diameter; the pitch was 200 µm. The array substrate was a 200 µm thick Pt foil. Figure 4 shows the emission spectrum, provided by the EPiC, obtained when irradiating a 5 µm thick, 100 × 100 µm 2 transverse size Ti target. The main X-ray emission line in the spectrum is the Ti Heα line, located at ∼ 4.75 keV. The other line in the spectrum was attributed to K-shell emission from Cu, originating from the target stalk which was partially heated by the wings of the laser beams. Figure 5 shows the EPiC images of the emitting plasma at the energy corresponding to the Ti Heα line (left) and to the Bremsstrahlung emission (right) at high photon energy (> 20 keV), respectively. In other words, only photons with energy close to the Heα energy were considered to recover the image on the left (and similarly, only photons with energy > 20 keV in the case on the right). The slight asymmetry of the left image was attributed to a corresponding slight misalignment between the two laser beams incident on the two sides of the target. The first conclusion one can draw from Figure 5 is that the high energy continuum emission is spatially confined to a smaller region than the Heα emission region, i.e. to the region of highest laser irradiance. Figure 6 shows similar data taken in a different situation where continuum X-ray radiation is emitted from a region whose size is comparable to the line emission region. The data were taken in an experiment carried out at the Prague Asterix Laser System (PALS) laboratory in Prague, devoted to study the role of the fast electrons in the shock ignition scenario. Here the 400 ps duration, up to ∼ 300 J energy laser pulses were focused at an intensity up to ∼ 10 16 W/cm 2 on thick targets. Figure 6 refers to a 2-layer Ti/Cu target and shows, in particular, the X-ray source imaged out at the Ti Kα line and at higher (> 10 keV) energy. The two experiments demonstrate the capability of EPiC to provide a unique way to study the distribution of X-ray emission from hot and dense plasmas.
Finally, we want to briefly discuss here how the results provided by our diagnostic can be cross-checked with similar results obtained with other comparable, well established diagnostics. We point out that this is not a straightforward task, as no other 2D imaging diagnostic is available with a spectral discrimination capability over such a broad energy range (spectrometers based on bent crystals, for instance, allow 2D imaging over a very narrow spectral range when used in a 2D configuration 67 ). However, during the PALS experiment described above, we compared the image provided by the EPiC diagnostic integrated over the whole useful energy range to just one of the images through one of the pinholes acquired, in an ad hoc laser shot, in a condition in which the CCD was not forced to operate in the single-photon mode (that is, no X-ray attenuators were used). In such a configuration, the diagnostic is just equivalent to a conventional pinhole camera (or, better, to N pinholes independent pinhole cameras), so that the image provided by whatever pinhole should match the one retrieved using the EPiC scheme retaining all the collected photons (provided that the experimental conditions of the two shots as for the laser energy, target material and size, laser focusing, preplasma conditions and so on were the same). Although being a rather indirect check, this allowed to rule out any possible effect due to the EPiC optical scheme potentially leading to image artifacts. Furthermore, we point out that the plasma created in the PALS experiment was also spatially characterized by an X-ray interferometric 68 , whose results concerning the plasma size were fully consistent with the ones obtained using the EPiC scheme.
IV. DISCUSSION AND PERSPECTIVES
As we have shown, the EPiC diagnostic allows laserplasmas to be imaged out in any X-ray photon energy interval, provided that a sufficient number of photons had been collected in that interval. In detail, let us confine ourselves to the most common situation in which no adhoc X-ray attenuators are used to selectively attenuate the X-ray emission lines. In this case the smallest photon energy range needed to image out the X-ray source at a photon energy corresponding to a spectral line might be as small as the typical spectral resolution attainable with CCD detectors operating in the single-photon mode 69 , that is of the order of a few percent. In other words, a spectral region of a few tens of eV can be imaged out, around an X-ray emission line centered at a few keV or a few tens of keV. Continuum (Bremsstrahlung) emission can also be imaged out at the same time; in this case, as we have shown above, a relatively larger energy range (typically of a few keV) is needed in order to have a sufficient number of photons to recover an image. It is worth observing here that the ultimate spectral resolution achievable within the EPiC scheme is not comparable to the one of Bragg crystal spectrometers; nevertheless, it still allows a number of studies in different fields of ICF physics to be carried out. Actually, it is important to point out that the EPiC diagnostic is mainly intended to observe a broad energy range, allowing to study, on a single-shot basis, both line and continuum emission. This is a striking difference with respect to other kind of X-ray imaging spectrometers based on different principles.
A further feature of the single-shot EPiC is its capability to provide an absolute measurement of the X-ray flux, once the geometry had been fully known and the CCD detector Quantum Efficiency characterized 55, 56, 63 .
Finally, a few words about the available energy range. As it is well known, the Quantum Efficiency of currently available CCD detectors swiftly drops down in the hard X-ray range, thus hindering the possibility of their use at high energy. In particular, over the past few years, the use of single-photon, almost Fano-limited CCD spec- troscopy has been reported up to a few tens of keV 55, 64, 70 . Nevertheless, we observe that deep depletion CCD detectors are actually actively developed, allowing a more and more enhanced sensitivity at higher energy. Moreover, as it can be easily realized, the conceptual scheme of the EPiC is not limited to the use of CCD cameras as detectors. Indeed, any pixelized hard X/γ-ray detector with single-photon spectral capability can be used instead, such as, e.g., a CdTe based detector 71 . While this kind of detectors currently provides a limited number of pixels, a growing effort is ongoing to increase this figure. This could open up new perspectives for an X/γ-ray diagnostic with imaging capability based on an EPiC scheme.
V. SUMMARY AND CONCLUSIONS
A novel X-ray diagnostic, particularly suited for laserplasma experiments in regimes relevant for the ICF, has been described. As we have shown, the single-shot EPiC technique allows 2D images of hot and dense plasmas to be obtained at any X-ray photon energy, over a large energy domain, on a single-shot basis. In particular, we have shown that our diagnostic is particularly useful when X-ray fluorescence has to be observed in order, e.g., to diagnose fast electron generation and transport. The device (named Energy-encoded Pinhole CameraEPiC) is based upon the use of an array of many pinholes coupled to a large area CCD camera operating in the single-photon mode. The available X-ray spectral domain is only limited by the Quantum Efficiency of the employed X-ray CCD camera, thus typically extending from a few keV up to a few tens of keV. Spectral 2D images of the emitting plasma can be obtained with spatial resolution comparable to the one of a conventional pinhole camera scheme. We have reported results from two recent experiments where the EPiC was used. The two experiments demonstrate the capability of EPiC to provide a unique way to study the distribution of X-ray emission from laser-plasmas. The unprecedented available spectral range of our X-ray imaging diagnostic provides a novel tool to characterize laser-plasma interaction regimes and helps understanding complex processes like target heating and fast electron transport.
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